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QUANTIFICATION OF VITAMIN D RECEPTOR mRNA
IN TISSUE SECTIONS DEMONSTRATES THE
RELATIVE LIMITATIONS OF IN SITU-REVERSE
TRANSCRIPTASE-POLYMERASE CHAIN REACTION
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SUMMARY
In situ-reverse transcriptase-polymerase chain reaction (IS-RT-PCR) is a recently described technique that is used to localize low
levels of mRNA within cells and tissue sections. One of the major criticisms levelled at this technique is that positive results may be
meaningless, as amplification is required to demonstrate the transcripts of interest. The use of IS-RT-PCR to demonstrate mRNA for
receptors for 1,25-dihydroxyvitamin D3 (VDR) in sections of human kidney and bone has previously been described. To ascertain
whether the levels of VDR mRNA detected following IS-RT-PCR were transcriptionally significant, computerized image analysis was
used to determine the mean silver grain density in human kidney and bone cells following conventional in situ hybridization and after
various cycles of IS-RT-PCR. Only a few cycles of PCR were needed to produce an optimum signal, but amplification of signal following
IS-RT-PCR was found to be relatively inefficient. Following the optimum number of cycles of IS-RT-PCR in kidney sections, there was
a less than four-fold increase in signal. Similarly, in bone, the optimum signal detected was only approximately five times greater than
that found with conventional in situ hybridization. These results clearly demonstrate that the increase in signal following IS-RT-PCR
follows a more linear pattern and is relatively inefficient, compared with the usual exponential increase with conventional solution phase
RT-PCR. ? 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION
In situ-PCR (IS-PCR) is a recently described technique that has primarily been used to detect viral DNA
and single copy genes (reviewed by Komminoth and
Long1). The technique allows cellular localization of low
levels of nucleic acids within various tissues and cells.
Incorporation of an initial reverse transcriptase (RT)
reaction allows in situ amplification of target mRNA
species.2–7 For detection of amplification products, two
different techniques can be applied: ‘direct’ IS-RT-PCR
involves the incorporation of labelled nucleotides during
the PCR step,2,5 whereas ‘indirect’ IS-RT-PCR involves
the incorporation of unlabelled nucleotides during the
PCR step, followed by a separate in situ hybridization
(ISH) reaction using a labelled probe.6,7
The active metabolite of vitamin D, 1,25(OH)2D3,
is known to exert its diverse regulatory effects on cells
via a steroid hormone nuclear receptor, known as the
vitamin D receptor (VDR).8,9 We have recently developed indirect IS-RT-PCR to detect VDR mRNA in
both cells and paraffin-embedded tissue sections.6,7 In
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known target tissues such as the kidney, a much greater
signal of VDR mRNA was found after amplification
than that detected by conventional ISH.6 In bone, where
it has previously been accepted that osteoclasts (the
bone-resorbing cells) do not express VDR,10 ISH
revealed VDR transcripts in some osteoclasts and
IS-RT-PCR clearly showed that both normal and
diseased osteoclasts do contain VDR mRNA.7
One possible criticism of IS-RT-PCR is that, as amplification is required to detect the mRNA, the original
levels of transcripts are insignificant with respect to
cellular function and any positive results are therefore
meaningless. However, previous evidence has suggested
that in situ amplification is not as efficient as that seen
following conventional RT-PCR and follows more of a
linear increase in amplification products.11
Various reports have described quantification of
signal following ISH. The majority of these have
either used radiographic film densitometry12–14 or have
measured grain densities over large areas of dark-field
images.15–17 Several reports have also described
quantification of signal over individual cells. 18–20
To determine whether the levels of VDR mRNA that
we detected following IS-RT-PCR are transcriptionally
significant, we have used computerized image analysis of
light-field images to determine the mean silver grain
density in human kidney and bone cells within tissue
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sections following conventional ISH and after various
cycles of IS-RT-PCR.

in water, fixed in 0·4 per cent paraformaldehyde/PBS
for 20 min at 4)C, treated with 0·25 per cent acetic
anhydride in 0·1  triethanolamine for 10 min, and then
rinsed in 90 per cent ethanol and allowed to dry.

MATERIALS AND METHODS
In situ-hybridization and in situ-reverse
transcriptase-polymerase chain reaction
The methods used were those described previously.6,7
All thermal reactions were carried out using a
Hybaid Omnislide= thermal cycler. Molecular reagents
and enzymes were purchased from either Promega
(Southampton, Hants, U.K.) or Boehringer Mannheim
(Lewes, East Sussex, U.K.).
Pretreatments
Paraffin sections (7 ìm) were taken from normal
human kidney and bone and from patients with
Paget’s disease of bone and renal secondary hyperparathyroidism. The sections were mounted onto
organo-silanated slides,21 dewaxed in xylene, and then
rehydrated through a series of ethanols and finally into
water. Samples were permeabilized in 0·2  HCl for
20 min at room temperature, then 10 min in 5 ìg/ml
proteinase K (kidney) or 20 min in 10 ìg/ml proteinase
K (bone) at 37)C. These concentrations and times were
found to give the optimum signal; if lower times were
used, the signals were weaker, and if longer times or
greater concentrations were used, signal was again
reduced and amplification products could be detected
(on ethidium bromide-stained agarose gels) in the reaction mixture following PCR. No amplification products
were detected in the reaction mixture using the protocol
described. All samples were then treated with 80 u/ml
DNase for 60 min at 37)C.

In situ hybridization
Using the VDR 2·1 kb cDNA22 as template, the
sections were hybridized with either a sense riboprobe
(IS-RT-PCR) or antisense riboprobe (ISH). Following
transcription with [35S]UTPáS, approximately 1·0#105
counts of riboprobe was added per sample.
Each sample for IS-RT-PCR was hybridized in
50 per cent formamide, 1#Denhardts, 0·6 M NaCl,
0·2 mg/ml salmon sperm DNA, 0·5 m ethylene diamine
tetraacetic acid (EDTA), 10 m dithiothreitol (DTT),
and 10 per cent dextran sulphate at 42)C overnight.
For conventional ISH, the conditions used for IS-RTPCR gave unacceptable levels of background staining;
hence samples were hybridized at higher stringency in
50 per cent formamide, 1#Denhardts, 0·3  NaCl,
10 mg/ml tRNA, 5·0 m EDTA, 10 m DTT, and
10 per cent dextran sulphate at 50)C overnight.
After hybridization, all samples were washed at 42)C
for 5 min in 0·5#SSC, 1 m EDTA, and 10 m DTT;
twice for 5 min in 0·5#SSC, 1 m EDTA; 15 min in
50 per cent formamide, 0·15  NaCl, 5 m Tris–HCl,
0·5 m EDTA; then four times 5 min in 0·5#SSC
at 50)C and finally 5 min at room temperature in
0·5#SSC. Slides were then dehydrated in 90 per cent
ethanol and air-dried.
Autoradiography was performed with Ilford K5
emulsion diluted 1:1 with distilled water. The slides were
exposed for 7 days at 4)C and then developed in Ilford
Phenisol developer for 5 min, rinsed, fixed for 5 min, and
lightly counterstained with haematoxylin and eosin.
Slides were then viewed by light-field microscopy.

Reverse transcriptase reaction
Approximately 2 ìg of random hexamers in 20 ìl of
RNase-free water was incubated on each sample at 80)C
for 5 min. First strand cDNA was synthesized by adding
5 u of avian reverse transcriptase (AMV RT), 1#RT
buffer, 10 m dithiothreitol (DTT), 2 m sodium pyrophosphate, 15 u of RNasin, and 1 m each of dATP,
dCTP, dGTP, and dTTP in a final volume of 20 ìl, and
incubating the samples at 42)C for 2 h. The samples
were then washed in water and fixed in 0·4 per cent
paraformaldehyde/PBS for 20 min at 4)C.
Polymerase chain reaction
Amplifications were carried out in a solution containing 10 pmol each of three pairs of VDR-specific
primers,6,7 5 u of Taq DNA polymerase, 1#buffer,
2·0 m MgCl2, and 0·2 m each of dATP, dCTP,
dGTP, and dTTP in a final volume of 40 ìl/sample. The
samples were sealed to prevent evaporation of solution
using Hybaid Sureseals=. The samples were then heated
to 95)C for 2 min and then various cycles (see Results) of
95)C for 1 min, 60)C for 1 min 20 s, and 72)C for 4 min
were carried out. The samples were then washed
? 1997 by John Wiley & Sons, Ltd.

Controls for IS-RT-PCR
Negative controls consisted of RNase A pretreatment
(60 min at 37)C), omission of reverse transcriptase
enzyme in the RT reaction, omission of Taq DNA
polymerase in the PCR, and omission of primers in
the PCR.
Quantification of silver grain density and statistical
analysis
Localization of the autoradiographic signal was performed by light microscopy at #40 objective magnification. Using custom-designed software on a Quantimet
600 image analyser linked to a Leica DM microscope
(Leica UK Ltd., Milton Keynes, U.K.), the mean silver
grain density (area of grains/area of cell) was determined
over cells in ten random high-power fields on three
sections from each sample (to give 30 values for each)
following conventional ISH and at various cycles of
PCR (between one and ten cycles).
Using an integrating monochrome camera (Kappa
CF 8/1), the image was first ‘captured’. The image was
then transformed by the ‘black top hat’ function and the
J. Pathol. 182: 22–28 (1997)
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threshold for detection was set to detect silver grains
over the areas of interest. This threshold was manually
set for each sample so that dark areas of the nuclei were
not counted as silver grains. Once a threshold was set for
each sample, it was not altered, and the variation in
thresholds between each sample was less than 5 per cent.
The cells of interest were then manually highlighted and
the grains counted within these cells were displayed (see
Results). The background level of silver grains was set
for each sample in a similar way, except that grains were
counted over an area with no cells present. In the bone
samples, background levels were taken over areas of
bone matrix. This background level was then deducted
from the results obtained for the cellular grain densities.
Results were expressed as relative grain densities
compared with those obtained by conventional ISH.
Statistical analyses were made by comparing the data
obtained after IS-RT-PCR with the results from conventional ISH using one-way analysis of variance
(ANOVA) and the Dunnett multiple comparisons test.
RESULTS
Figure 1 shows a typical image analysis procedure
obtained from a sample of Pagetic bone. The image of
the area of interest was first captured (Fig. 1A). Following enhancement of contrast and setting of the threshold
level, the grains detected were displayed (Fig. 1B). The
area of interest was then highlighted (Fig. 1C) and then
the grains counted within the area of interest were
displayed (Fig. 1D). The silver grain density over the
area of interest was then calculated and the background
level of silver grains (derived similarly from an acellular
field) was deducted to give the final silver grain density.
Figures 1E–1H show the original images and counted
silver grains in osteoclasts after five and ten cycles of
IS-RT-PCR.
As previously reported,6,7 use of the sense riboprobe
for conventional ISH produced no detectable signal in
any of the samples examined. Similarly, all of the
controls for IS-RT-PCR showed no detectable signal
(results not shown), thus confirming the specificity of the
IS-RT-PCR reaction.
In the kidney sections, silver grain densities were
calculated in proximal and distal tubular cells (identified
by standard morphological features). Figure 2 shows the
relative mean grain densities (compared with conventional ISH) following one to ten cycles of IS-RT-PCR.
In the proximal tubular cells (Fig. 2A), the silver grain
density following conventional ISH was 9·25&1·46
per cent (mean&SD). There was a slight decrease (not
statistically significant) in signal after one and two cycles
of IS-RT-PCR and then a gradual increase up to a
maximum of 16·24&0·58 per cent following five cycles
of IS-RT-PCR (a relative increase of 1·76, P<0·01).

Following this, there was a decrease in signal to approximately the original level after ten cycles. In the distal
tubular cells (Fig. 2B), the original level of silver grains
following conventional ISH (3·16&1·34 per cent) was
lower than that in the proximal tubules and did not
appear as a positive signal when viewed by eye. Again,
the signal initially fell and then rose to a maximum
of 12·32&0·59 per cent following eight cycles of
IS-RT-PCR (a relative increase of 3·90, P<0·01). The
signal was visible by eye after four cycles. The signal
intensity after nine and ten cycles was reduced to
significantly (P<0·05 and P<0·01, respectively) less than
that after eight cycles.
Figure 3 shows the relative mean grain densities
(compared with conventional ISH) in the osteoblasts
and osteoclasts from each bone sample. Fewer sections
were available of the bone samples; hence IS-RT-PCR
was carried out only at five and ten cycles. In normal
bone (Fig. 3A), the signal in osteoblasts increased from
6·54&2·21 per cent by ISH to 29·95&7·26 per cent after
ten cycles of IS-RT-PCR7 (a relative increase of 4·58,
P<0·01). The signal in normal osteoclasts increased
from 3·24&0·6 per cent to 14·63&2·83 per cent (a
relative increase of 4·51, P<0·01). In Pagetic bone
(Fig. 3B), the signal in osteoblasts increased from
10·59&2·20 per cent by ISH to 62·32&8·57 per cent
after ten cycles of IS-RT-PCR (a relative increase
of 5·88, P<0·01). The signal in Pagetic osteoclasts
increased from 6·55&1·46 per cent to 42·76&7·44
per cent (a relative increase of 6·53, P<0·01). Similar
increases were seen in the hyperparathyroid bone
(Fig. 3C).

DISCUSSION
We have previously reported the use of IS-RT-PCR to
detect VDR transcripts in human kidney and bone cells
in paraffin-embedded tissue sections.6,7 We report here
the quantification of silver grain densities in these
samples following conventional ISH and various cycles
of IS-RT-PCR. Higher hybridization stringency levels
were used for conventional riboprobe ISH than for
IS-RT-PCR, as the former involves RNA:RNA hybridization and the latter RNA:DNA. It might be argued
that a comparison of the two techniques is thus invalid,
but we have merely attempted to compare the results
obtained from IS-RT-PCR with those that we would
routinely obtain following our standard ISH protocol.
The use of the system described allowed light-field
examination of samples and it was therefore possible to
quantify autoradiographic signal over individual cells
within each sample. Background levels of silver grains
were determined for each sample and these values were
deducted from those obtained in the cells of interest.

Fig. 1—Procedure for image analysis (samples of Pagetic bone). (A) Capture of black and white image (ob: osteoblast; oc: osteoclast). (B) Setting
of threshold for detection (detected silver grains coloured blue). (C) Highlighted region(s) of interest (in green). (D) Display of silver grains counted
(magenta). (E) Original image and (F) silver grains counted after five cycles of IS-RT-PCR. (G) Original image and (H) silver grains counted after
ten cycles of IS-RT-PCR. Bar=50 ìm
? 1997 by John Wiley & Sons, Ltd.
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Fig. 2—Relative silver grain densities in renal tubular cells. (A) Proximal tubules; (B) distal tubules. Silver grain densities expressed relative to the
density with conventional ISH (0 cycles). *P<0·01 compared with conventional ISH. Error bars represent the coefficient of variation

Two major facts became evident from the quantification results. Firstly, it appears that there is an optimum level of amplification depending on the starting
level of mRNA within the tissues of interest. In tissues
with a high level of VDR mRNA expression, such as the
kidney, very few cycles were required before the signal
intensity started to decrease. We have previously
hypothesized that this phenomenon probably reflects
diffusion and wash-out of larger amounts of amplification products,6 even though the permeabilization steps
were optimized to reduce this effect. The fact that, at
increased cycle numbers, the tissue has been subjected to
longer periods of very high temperature probably also
plays a role by increasing the permeability of the tissue.
Quantification has revealed that within a tissue section,
this phenomenon can affect distinct cell types differentially: in proximal tubular cells (which have a higher
initial level of VDR mRNA) the optimum number of
cycles appeared to be five (Fig. 2A), whereas in distal
tubular cells (in which VDR transcripts could not
be visualized by conventional ISH) the optimum signal
was seen after eight cycles (Fig. 2B). This differential
amplification in signal would suggest that meaningful
quantification will not always be possible following
IS-RT-PCR, as different cell types within a sample will
have different starting levels of target mRNA, and will
thus be amplified differently. A similar effect was also
apparent in the diseased bone samples. In normal bone,
where the initial levels of VDR transcripts were low, the
relative increase in signal in osteoblasts and osteoclasts
following IS-RT-PCR was very similar (4·58 vs. 4·51).
However, in diseased bone samples, where the initial
levels of VDR mRNA were higher than in normal bone,
there was an apparent differential amplification in the
osteoclasts after ten cycles of IS-RT-PCR (6·53 vs. 5·88
in osteoblasts); this probably reflects the fact that as
? 1997 by John Wiley & Sons, Ltd.

the osteoblasts had higher levels of VDR transcripts
initially, amplification after ten cycles of IS-RT-PCR
was beyond the optimum level for the osteoblasts (hence
the signal in these cells had started to fall) but was nearer
the optimum for osteoclasts. Further experiments would
be required to determine the exact optimum levels for
osteoblasts and osteoclasts in each sample, but unfortunately only a few samples of bone were available for
examination. In previous reports of direct IS-RT-PCR,
higher cycle numbers have been used (e.g., 20 cycles
reported by Martinez et al.5). This finding can be
explained by the fact that the directly incorporated
labelled nucleotides (e.g., digoxigenin-labelled) are much
larger than unlabelled nucleotides; thus, the amplification products are less likely to be lost by diffusion
from the cells.
Secondly, quantification of signal has also revealed
that the increase in signal following IS-RT-PCR is much
smaller than would be expected with conventional
RT-PCR. For example, in the distal tubular cells of the
kidney, eight cycles of IS-RT-PCR produced a less than
four-fold increase in signal intensity (Fig. 2B), whereas
with conventional RT-PCR, approximately a 250-fold
increase would be expected. Similarly, in the bone
samples, the maximum increase after ten cycles of
IS-RT-PCR was less than seven-fold, whereas the
expected increase from conventional RT-PCR would be
nearer 1000-fold. This reduced signal may reflect inefficiency of the RT-PCR in tissue sections or may be the
result of several other factors. The newly synthesized
DNA may be lost from the tissue samples; this was only
apparent (i.e., detection of amplification products in the
reaction mixture) when the proteinase digestion was
increased and at high cycle numbers; hence it seems
unlikely that this had a major effect at the low cycle
numbers utilized in this study. It is also possible that not
J. Pathol. 182: 22–28 (1997)
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Fig. 3—Relative silver grain densities in bone cells. (A) Normal bone; (B) Paget’s disease; (C) renal secondary
hyperparathyroidism. Silver grain densities expressed relative to the density with conventional ISH (0 cycles) in osteoblasts
and osteoclasts. *P<0·05, **P<0·01 compared with conventional ISH. Error bars represent the coefficient of variation
? 1997 by John Wiley & Sons, Ltd.
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all of the double-stranded amplification products were
denatured prior to hybridization, and that some of the
sense strands generated by PCR could also reanneal
during hybridization and thus compete with the labelled
probe. Another possibility is that high grain densities
could produce overlapping silver grains that may not be
detected by the image analysis system. However, the
levels of signal actually fell (rather than reaching a
plateau), suggesting that this was not producing a major
effect. Whatever the exact cause, either inefficient amplification or physical limitations, it is clear that the level of
signal detected following IS-RT-PCR increases in a
much more linear fashion than the normal exponential
increase that would be expected with conventional
RT-PCR. This finding has major implications with
regard to the interpretation of positive results following
IS-RT-PCR. One of the major possible criticisms of this
technique is that, as amplification is required to produce
a positive signal, the actual starting level of mRNA is
biologically insignificant. This would be true if the signal
detected after IS-RT-PCR were similar to that expected
with conventional RT-PCR. However, we have clearly
demonstrated that this is not the case, and the positive
results obtained after IS-RT-PCR therefore achieve
greater significance.
In conclusion, we have shown that optimum amplification of signal following indirect IS-RT-PCR is dependent on the starting level of mRNA within the cells of
interest. Use of too many cycles of IS-RT-PCR may
actually reduce the signal obtained, compared with
conventional ISH. Also, we have shown that the
increase in signal following IS-RT-PCR is much lower
than would be expected from conventional solution
RT-PCR. Therefore, positive results obtained following
low cycle numbers of IS-RT-PCR can be interpreted as
demonstration of significant levels of mRNA.
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